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Abstract
I propose a variant invisible axion model of spontaneous CP violation
at the electroweak scale without CP domain-wall and ‘strong CP’ prob-
lems. Both large sized QCD and small sized non-QCD instantons break
CP and Peccei-Quinn symmetries, and render cosmologically harmful CP
domain walls unstable. The decaying epoch depends on size of small in-
stanton effects, and is around 100eV if the current neutron electric dipole
moment bound is maximally saturated. The model satisfies constraints
from primordial D and He photo-dissociation and black hole formation,
while producing cosmologically interesting size of gravitational waves and
galaxy-scale density perturbations.
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1. Motivation:
Origin of CP violations[1] still remains elusive. Current experimental data from
Ko − K¯o system and neutron electric dipole moment (NEDM):
ǫ ≤ 2.26 · 10−3; |ǫ
′
ǫ
| ≤ 1.45 · 10−3; θ¯qcd ≤ 10−13(mN
mq
). (1)
indicate strong violation of weak, flavor nondiagonal CP (FNCP) symmetry and
weak violation of strong, flavor diagonal CP (FDCP) symmetry.
Complex Yukawa coupling constants or complex Higgs coupling constants
are known to provide sources of explicit CP violations. Alternatively, CP viola-
tions may arise spontaneously[2] [3] during the electroweak symmetry breaking,
for example, as in extended technicolor theories[4]. In addition, in supersymmet-
ric standard models, spontaneous CP violation offers an attractive solution[5]
of suppressing other potentially large contributions to NEDM than θ¯qcd. It has
been known, however, that this option is cosmologically disastrous due to ap-
pearence of stable CP domain walls in the early universe[6]. The walls quickly
dominate energy density of the universe, and lead too short the present age to
our Universe.
Recently, I proposed a particle physics solution to this cosmological CP
domain wall problem[7], utilizing nonperturbative QCD effect. The idea was as
follows. QCD instanton effect is practically negligible around the electroweak
scale at which CP is spontaneously broken. However, the effect becomes pro-
nounced as the QCD scale Λqcd ∼ 0.2GeV is approached and induces operators
Lnonp = Kqcdeiθ¯qcd(U¯LURD¯LDRS¯LSR) + h.c. (2)
Under CP transformation,
θ¯qcd → − θ¯qcd
(CP )Lnonp(CP )−1 6= Lnonp.
(3)
Unless θ¯qcd is 0 or π, CP, a discrete global symmetry, is explicitly broken by
the QCD instantons. Being a nonperturbative effect, size of the intrinsic CP
violation is tiny; Kqcd ∼ Λqcdmumdms << M4W . This lifts the vacuum degener-
acy connecting two sides of the CP domain wall, and leads to a subsequent wall
annihilation driven by a false vacuum decay.
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A drawback of this idea was the ‘strong-CP’ problem in assuming θ¯qcd
nonzero but small ∼ 10−9 to meet Eq.(1). One may introduce Kim’s[8] (KSVZ)
or Dine-Fischler-Srednicki[9] (DFSZ) invisible axion as a viable solution to the
‘strong-CP’ problem. However, in the same paper[7], I also have shown that
spontaneous CP violation and the Peccei-Quinn (PQ) symmetry are not com-
patible each other, at least, in the simplest two-Higgs model. It was found that
there always exists a nonanomalous discrete symmetry, which is a simultaneous
CP and finite PQ transformations:
D : (PQ)2θ¯(CP )L (CP )−1(PQ)−12θ¯ = L. (4)
Thus, there remains yet another cosmological domain wall problem when the
new discrete symmetry D is spontaneous broken at the electroweak scale. Fur-
thermore, especially in DFSZ axion model, I also observed that the PQ symme-
try drives the Higgs potential minima to a CP-conserving point at least in the
simplest two electroweak Higgs model.
In this paper, I propose a viable solution to these difficulties, and make
PQ symmetry compatible with spontaneous CP violation at the electroweak
scale. I achieve this by (1) extending the electroweak Higgs sector and (2)
taking into account of additional nonperturbative effects from non-QCD sector,
for example, technicolor gauge group or semiclassical gravity. Point (1) allows
a nontrivial EW vacuum in which CP is spontaneously broken, while point
(2) lifts a vacuum degeneracy connected by the discrete symmetry of Eq.(4).
Furthermore, the unstable but long-lived domain wall may serve an extra source
of long-wavelength gravitational waves and galaxy scale density perturbations.
2. Model:
I first state criteria what a viable model is required to meet:
(1) intrinsically broken strong CP and an invisible axion solution to the
‘strong CP’ problem;
(2) spontaneously broken weak CP during the electroweak phase transition.
(Our viewpoint is different from Nelson-Barr[10] in that flavor-nondiagonal
CP begins to appear at the electroweak scale, and that ‘strong-CP’ problem is
solved by an invisible axion.)
I introduce a singlet Higgs field Σ and add one more to weak doublet Higgs
3
fields Hi in the standard axion models. Thus, the standard KSVZ model is now
extended to Lee’s two-Higgs doublet model[2], while the standard DFSZ model
to Weinberg’s three-Higgs doublet model[3]. We do not, however, introduce
Glashow-Weinberg (GW) criterion[11] of natural flavor conservation (NFC); ap-
proximate flavor symmetry for small Yukawa coupling constants is already tech-
nically natural[12]. The GW criterion usually imposes an additional discrete
symmetry to the Yukawa and Higgs sector, which is spontaneously broken at
the electroweak symmetry breaking. Cosmologically, this causes yet another
domain wall problem, which I wanted to avoid.
Σ field acquires a vacuum expectation value (VEV) <Σ>≈ fa ∼ 1012GeV ,
and breaks PQ symmetry spontaneously. Radiative corrections do respect PQ
and CP symmetries as exact symmetries. Thus, effective electroweak Higgs po-
tential near the weak scale consists of all renormalizable gauge, PQ and CP
invariant operators among Higgs doublets Hi and axion a ∼ argΣ. Schemati-
cally, it reads
VHiggs[H,Σ] =
∑
ij
Mij(Σ)H
†
iHj
+
∑
ijkl
λijkl(Σ)(H
†
iHj)(H
†
kHl) +
∑
ijkl
λ˜ijkl(Σ)(H
†
i ~τHj)(H
†
k~τHl).
(5)
Hermiticity and functional dependence of M2, λ, λ˜ to the axion field Σ is fixed
by CP and PQ invariances of the low-energy Higgs potential VHiggs. Low-energy
Yukawa couplings are similarly constrained. Minimization of the above elec-
troweak Higgs potential was analyzed previously[3][7]. For both Lee-KSVZ and
Weinberg-DFSZ models, it can be shown that there does exist a region of pa-
rameter space in which the CP and gauge symmetries are spontaneously broken:
<φa>=
va√
2
eiθa with θa − θb 6= nπ. (Related multi-Higgs models were studied
previously[13].)
In addition, QCD and non-QCD instantons generate additional terms to
the electroweak Higgs potential. An example of non-QCD nonperturbative ef-
fect is the gravitational instanton. The simplest gravitational instanton with
an asymptotically flat spacetime is the Eguchi-Hanson metric[14]. The EH in-
stanton does not break the PQ symmetry. On the other hand, a charged EH
instanton can do. An EH instanton of size ρ with a self-dual electromagnetic
4
field (EM instanton) is known[14]:
gµν = δµν − ρ
4
x4
xµxν
x2
+
ρ4
x4 − ρ4
x˜µx˜ν
x2
; Aµ = 2P
ρ2x˜µ
x4
(6)
in which x2 ≡ xµxµ ≥ ρ2 and x˜µ = (y,−x, t,−z) is identified with xµ because of
RP3 spacetime topology. The instanton EM charge P ∈ 3Z to give a compatible
spin structure for the standard model chiral fermions. Instanton action is found
SEM =
piP 2
αe(ρ)
>> 1, hence, semiclassical approximation is valid. In the QCD and
EM instantons backbround, the PQ current is anomalous:
∇µJµpq =
∑
ferm
Qpq(
2Q2em
16π2
FµνF˜µν +
2C2(R)
8π2
TrGµνG˜µν) (7)
in which the sum is over all fermions with nontrivial PQ charge. In the dilute
instanton approximation, the instantons induce multi-fermion operators similar
to Eq.(2). They constitute the only sources of intrinsic PQ and CP symmetry
breaking (potentially dangerous irrelevant operators). Tying up fermion zero
modes with PQ and CP conserving Yukawa and Higgs self-interaction vertices,
a low-energy Higgs-axion potential is found;
Vinst =
∫ Λ−1
qcd
f−1
a
dµ[ρ] [Kqcd(ρ)e
iθ¯qcdΣm +Kem(ρ)e
iθ¯emΣn + h.c.]. (8)
Magnitude of EM instanton induced axion potential Kem was estimated in
detail[15] to give Kem ∼ 10−9Kqcd in which Kqcd ∼ 10−6GeV 4. Thus, mod-
ifications in the above electroweak Higgs potential minimization due to QCD
and EM instantons are totally negligible. The CP-odd coupling constants θ¯’s
do receive finite renormalizations across each fermion mass thresholds and from
the spontaneous CP violating phases θab. Instanton multiplicity m, n ∈ Z+
does depend on details of axion model. Since each term in Eq.(8) comes from
different instanton effect, I expect m 6= n in general. QCD and EM instantons
give:
m ≡ Tr2C2(R); n ≡ Tr18Q2em (9)
in which trace is over all fermions with nonzero PQ charge assignment.
Each of the operators appearing in Eq.(8) breaks CP and PQ symmetries
separately. If either Kqcd or Kem were absent, the combined Higgs potential
VHiggs + Vinst is manifestly invariant under simultaneous transformations of CP:
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θ¯ → −θ¯ and a finite PQ: argΣ→ argΣ−2/m (or 2/n)·θ¯. This is the new discrete
symmetry D alluded earler in Eq.(4), and is the origin of another cosmological
domain wall problem.
Important point is that this ceases to be the case if both K’s are present.
CP transformation changes:
θ¯qcd, θ¯em → −θ¯qcd, −θ¯em. (10)
Thus, no subsequent finite PQ transformation
argΣ→ Σ− α (11)
can rotate both θ¯’s back to the original values simultaneously . Since PQ sym-
metry is the only other available symmetry to rotate phases in Vinst, I draw a
conclusion that there simply does not exist any residual, nonanomalous discrete
symmetry such as D in Eq.(4).
The size of additional instanton induced operator, Kem is further con-
strained. Minimizing the axion potential Eq.(8), I find
m <a> +θ¯qcd ≈ Kem
Kqcd
· ( n
2
m2
θ¯qcd − n
m
θ¯em). (12)
Taking |θ¯qcd − θ¯em| ∼ O(π), this implies
Kem ≤ 10−9Kqcd (13)
to be consistent with NEDM measurement Eq.(1). As obvious as it may sound,
however, nonzero value of θ¯ ≡ m < a > +θ¯qcd(1GeV ) ∼ 10−9 makes the CP
domain wall unstable as well!
Energy density difference between the otherwise degenerate vacua con-
nected by D symmetry is estimated from the potential Eq.(8):
∆Evac ≈ Kem sin 2( n
m
θ¯qcd − θ¯em) sin(n<a> +θ¯em). (14)
In case Eqs. (12) and (13) are maximally saturated,
∆Evac ≈ 10−9Kem ≈ (100 eV )4. (15)
It is utterly small compared to the QCD scale, yet large enough to be cosmo-
logically significant as shall be discussed below.
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3. Cosmological Evolution of Unstable Domain Wall:
Cosmological evolution of the CP domain wall was studied in my previous
work[7]. At the epoch PQ symmetry is spontaneously broken, the QCD and
EM instanton induced potential Eq.(6) is negligible. This remains true even
until an electroweak transition temperature TEW is reached and the CP domain
walls are formed. As the temperature goes down further, energy density of the
practically stable domain walls starts to grow faster than that of the background
radiation. Due to background plasma viscosity, the domain wall is straightened
out only to a scale Rc(T ) ∼
√
M3wMpl/T
3, which is a fraction F ≡ Rc(T )H(T )
of the horizon at a given temperature T . Using this, epoch that energy density
of the wall begins dominate over that of radiation is found as[7]:
ρwall ≈ ρrad → Tc ≈ 10−8 1√
λ
TEW (16)
most conservatively, in which λ denotes a typical value of Higgs quartic couplings
λijkl and λ˜ijkl. With λ ∼ 10−4, the domain wall starts to dominate energy
density of the universe only below Tc ≈ 300eV . In particular, this implies
that primordial nucleosynthesis (PNS) at the MeV scale is not disturbed by the
presence of CP domain walls, as their energy density is completely negligible at
the PNS epoch.
The otherwise stable CP domain wall begins to feel the energy density
difference in Eq.(8) as the pressure provided by the vacuum energy density
difference begins dominate over the viscosity ∆Evac ≥ T 4. This occurs when
T ∗ ≈ 10−6Λqcd ≈ 100 eV. (17)
The wall then moves quickly to the speed of light via false vacuum decay. As
the wall reaches the speed of light, regions of false vacuum are quickly driven
away.
That T ∗ ≤ 1
3
Tc implies a brief period of domain-wall dominated universe.
This period is prolonged if the EM instanton size Kem is smaller than the es-
timate I used; ∼ 10−9Kqcd. This transient, domain-wall dominated epoch near
T ∗ is after the present day galaxy sized regions first came inside the horizon
around T ∼ 1KeV . Relativistic motion of the walls tend to wash out primor-
dial density fluctuations smaller than the horizon scale, i.e., the galaxy scale.
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Instead, randomly located walls generate a Poisson distribution of density per-
turbations at scales smaller than the present galaxy size. Magnitude of this
perturbation is therefore expected to be δρ/ρ ∼ (Rc(T )H)1/2 ≈ F 1/2 . Fur-
thermore, as the domain wall dominated epoch gives rise to a modest power-law
inflation H(t) = 2/t, it is expected that the density perturbation of galaxy size is
further damped, and may provide a ‘biasing’ mechanism to the standard galaxy
formation.
Violent wall collision will produce both strong metric perturbation which
in turn forms gravitational waves (GW) and primordial black holes (PBH).
Since the walls move quickly with a relativistic velocity, time scale of collision
is expected to be ∼ Rc(T ∗). Thus radiated gravitational wave energy Egw and
wavelength λ(T ∗) with a quadrupole Q is estimated:
Egw =
1
M2pl
(
d3Q
dt3
)2 ≈ 1
M2pl
E2v
Rc
; λ(T ∗) ∼ Rc(T ∗) (18)
in which Ev =
4pi
3
R3c∆Evac. Therefore, we find ∆Egw/Ev ≈ F 2 and is about
15−25% at T = T ∗. Thus, a significant fraction of the false vacuum energy goes
into the gravitational wave radiation[16]. Using the fact that the gravitational
wave vector 2π/λ and amplitude h(λ) both scales as 1
R(T )
, I finally estimate
them at present time as:
h(λ) ≈ 10−8; λ ≈ 1023(cm). (19)
Both the amplitude and frequency fall short an order of magnitude of interesting
ranges that millisecond pulsar and large scale cosmic microwave background ra-
diation experiments[17] may be able to detect! Uncertainties in the above rough
estimate should be reflected in Eq.(19); a better quantitative estimate might
be able to put the present model against upcoming cosmological experimental
tests.
Similarly, PBH’s may form as the wall collide. With the wall-induced den-
sity fluctuation δρ/ρ estimated to ∼ F 1/2 ∼ 50 − 60% I expect the PBH for-
mation inefficient even at the locus of wall collisions. Typical mass of PBH’s
is estimated heavy enough ∼ ǫT ∗4 · (R2c/H) ≈ ǫF 2(T ∗4/H3) that its Hawking
radiation is completey negligible. Here, ǫ denotes a geometrical factor for the
locus of wall collisions at which the PBH’s are formed, and is expected to be
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ǫ << 1. Maximal fraction of the PBH formation energy ∆Epbh is constrained, in
case the practically stable PBH’s dominate the matter of the present universe,
by ∆Epbh/Ev ≤ (13.6eV/T ∗) ∼ 13%. This bound is viewed large enough to
accomodate even the most efficient PBH formation possible. Correspondingly,
PBH produced gravitational waves are negligible compared to the one generated
by wall collision alluded above.
The wall collision also produces O( 1
λ
) energetic Higgs H∗ and subsequently
cascading lighter particles including photons γ∗, to which PNS puts a strong
constraint. The energetic photons may photo-dissociate and change D and He
abundances from the successfully predicted values of the standard PNS model.
However, the energetic particles scatter predominantly with the 109 more abun-
dant, cosmic background photons γcb than D’s and He’s. This will continue until
T ∼ 103 eV [18] at which number of the high-energy tail γcb’s is comparable to
the number of D and He’s, and threshold of H∗+γcb or γ∗+γcb → ll¯ is reached.
This is precisely the scale that CP domain walls completes decaying. Thus,
PNS constraint of D and He abundances is seen marginally compatible with the
present model.
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